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ABSTRACT 
 
Long-chain branches and narrow molecular weight distribution is a novel structure 
combination in polyethene, which has only been possible to achieve with single-center 
catalysis. Long-chain branches, even at very low concentrations, have a strong effect on 
the polymer melt behavior and, thereby, the processing properties. This work deals with 
ethene polymerization using group IV metallocene catalysts and the examination of 
long-chain branching in polyethene. 
 
Long-chain branching in metallocene catalysis is believed to take place via a 
copolymerization route, in which a vinyl terminated polyethene chain is incorporated 
into a growing polymer chain. Understanding the chain transfer mechanisms (vinyl end-
group formation) and copolymerization abilities of metallocene catalysts have been 
important issues in this work. 
 
The examination of the polymerization behavior of several metallocene compounds 
revealed that chain transfer mechanisms were catalyst specific. Depending on the 
catalyst structure, the termination of chain growth occurred via β-H elimination, chain 
transfer to the monomer, or chain transfer to the cocatalyst. The vinyl selectivities were 
between 20 and 100%. Comonomer response in ethene and 1-olefin copolymerization 
also depended on the catalyst structure. 10-fold differences in comonomer reactivity 
ratios were observed. 
 
Long-chain branching analysis of homopolyethenes produced with different 
metallocene catalysts indicated that the catalysts with high vinyl selectivity and good 
copolymerization ability were the most prominent in producing a polymer with 
modified rheological properties. In addition to rheological measurements, 13C NMR 
spectroscopy also showed the presence of long-chain branches. Besides the choice of 
catalyst, the polymerization conditions had a major impact on long-chain branch 
contents. Adjusting the ethene, hydrogen, or comonomer (1-olefin or nonconjugated 
α,ω-diene) concentration changed the rheological properties of the polymers. 
 
 
 
 All rights reserved. No part of the publication may be reproduced, stored in a retrieval 
system, or transmitted in any form or by any means, electronic, mechanical, photocopying, 
recording, or otherwise, without the prior written permission by the author.  
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CGC  constrained geometry catalyst, [CpMe4SiMe2N(t-Bu)]TiCl2 
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MAO  methylaluminoxane 
Me  methyl 
NMR  nuclear magnetic resonance 
OD  octadiene 
PE-HD high-density polyethene 
PE-LD  low-density polyethene 
PE-LLD linear low-density polyethene 
Ph  phenyl 
rac  racemic 
SCB  short-chain branch 
 
Symbols 
 
[C*]  active-site concentration     mol/L 
[C2H4]  ethene concentration      mol/L 
[M]  monomer concentration     mol/L 
ε  molar coefficient factor     1/mm 
φ  volume fraction      - 
Λ  activation coefficient      kJ/mol 
η*  complex viscosity      Pa×s 
η0  zero-shear viscosity      Pa×s 
ηE  elongational viscosity      Pa×s 
A  absorption       - 
b  film thickness       mm 
CE  ethene concentration      mol/L 
Ea  flow activation energy     kJ/mol 
Ea,0  flow activation energy at zero shear rate   kJ/mol  
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g(M)  contraction factor      - 
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r  reactivity ratio       - 
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tr,M  chain transfer to monomer     
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tr,H2  chain transfer to hydrogen      
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tr,σ  chain transfer to monomer via σ-bond metathesis    
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1 INTRODUCTION 
 
Polyethene is the most widely used synthetic polymer material and its use accounts for 
one third of the total plastics market. The commercial production of polyethene was 52 
Mtons in 2000, and the annual growth rate for the next five years has been estimated to 
be 6 % [1]. In addition to the overall increase in demand due to economic growth, a key 
factor in the increased consumption of polyethene products has been the continuing 
improvement in polyethene properties and polymerization processes. 
The properties of polyethene are strongly influenced by its molecular weight, 
molecular weight distribution (Mw/Mn), and branching. The effect of branching on the 
properties of polyethene depends on the length and the amount of the branches. Short-
chain branches (SCB), of less than approximately 40 carbon atoms, interfere with the 
formation of the crystal structure. Short branches mainly influence the mechanical and 
thermal properties. As the branch length increases, they are able to form lamellar 
crystals of their own and the influence on the mechanical and thermal properties is 
diminished. Long branches − whose length is longer than the average critical 
entanglement distance of a linear polymer chain − have a tremendous effect on the melt 
rheological behavior. Even very small quantities of long-chain branching (LCB) alter 
the polymer processing properties significantly. 
Conventional high-pressure low-density polyethene (PE-LD) grades have a broad 
Mw/Mn and the polymers contain some LCB. This structure makes PE-LD easy to 
process. However, the broad Mw/Mn causes the mechanical properties of PE-LD to be 
inferior to those of linear low-density polyethene (PE-LLD), which has a narrower 
Mw/Mn. 
Highly active metallocene catalysts for the polymerization of olefins [2-6] have 
enabled the production of linear, narrow Mw/Mn polyethenes with greatly improved 
mechanical properties. The processability of these polymers, however, is more difficult 
when compared to the grades with the broad Mw/Mn and LCB. The introduction of LCB 
in the metallocene-catalyzed polyethenes can help to improve the poor processability. 
The combination of the good mechanical properties of metallocene-catalyzed 
polyethenes with the good processability of PE-LD is an obvious target. 
This thesis has four objectives. The first is to show evidence of LCB in polymer 
materials of this investigation. The evidence of LCB in polymer materials is based on 
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13C NMR spectroscopy and rheological measurements [I]. This is discussed in Chapter 
2. In addition, a general discussion of LCB in polyethene is provided. 
The second objective is to study the polymerization behavior of a limited number of 
metallocene/methylaluminoxane catalyst systems. The role of the catalyst is of interest 
because not all metallocenes are capable of producing LCB polyethene. Figure 1.1 
shows the metallocene complexes chosen for this study. These catalysts were expected 
to produce polyethene with similar molecular weights and polymerization activity but 
still have significant differences in their polymerization behavior. This part focuses on 
examining the vinyl end group selectivity (chain transfer mechanisms) and 
copolymerization ability. Polymerization mechanisms and the influence of 
polymerization parameters on polymer structure are discussed in Chapters 3 and 4. The 
copolymerization abilities of the catalysts are discussed in Chapter 5 [II-V]. 
 
O
Si
O
Si
Zr ClCl
OSi
O Si
Zr ClCl
O Si
O Si
Zr ClCl
Zr ClCl Zr ClCl Zr ClCl
Hf ClCl
O
Si
O
Si
Zr ClCl
Si Zr
Cl
Cl
(1) (2)
(4)
(5) (6) (7)
(8) (9) (10)
(3)
Zr ClCl
 
Figure 1.1 Catalyst precursors used in this study: (1) rac-Et[Ind]2ZrCl2; (2) rac-Et[H4Ind]2ZrCl2; 
(3) (n-BuCp)2ZrCl2; (4) Cp2ZrCl2; (5) rac-Me2Si[Ind]2ZrCl2; (6) rac-Et[Ind]2HfCl2; 
(7) rac-Et[2-tert-BuSiMe2OInd]2ZrCl2; (8) rac-Et[3-tert-BuSiMe2OInd]2ZrCl2; 
(9) meso-Et[2-tert-BuSiMe2OInd]2ZrCl2; (10) meso-Et[3-tert-BuSiMe2OInd]2ZrCl2. 
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The third aim is to evaluate the influence of catalyst structure and polymerization 
conditions on LCB as they are likely to have a great impact on LCB density. Chapter 6 
includes this discussion. A comparison is made between the observed melt rheological 
behavior of the polyethenes and the employed catalyst systems in order to find a 
correlation between the catalyst and LCB [I, III, V]. Also, the influence of the process 
parameters − ethene concentration and polymerization time − on the reactivity of 
macromonomers as well as the parameters affecting the vinyl end group selectivity − 
hydrogen, comonomer, and diene concentration − are studied with the selected catalysts 
[III, V, VI]. In addition, the properties of polyethene obtained in solution 
polymerization are studied. [VII] 
The fourth part of the thesis, Chapter 7, deals with the comparison of different 
analytical methods in detecting LCB and the correlation between polymer structure and 
polymer melt behavior [VII, VIII]. 
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2 LONG-CHAIN BRANCHING IN POLYETHENE 
 
2.1 Long-chain branching in commercial polymers 
 
Long-chain branching in conventional PE-LD has been studied thoroughly. [7] The 
source of LCB in free-radical polymerization at high temperatures and pressures is the 
intermolecular chain transfer. Short-chain branching in PE-LD results from 
intramolecular chain transfer [8, pp. 395-400]. 
Ziegler-Natta catalyst based PE-HDs have a very linear structure. These polymers 
contain only a few short-chain branches and no LCB [8, p. 454]. Polyethenes produced 
with chromium catalysts have been found to contain small amounts of LCB according 
to 13C NMR spectroscopical [9] and rheological measurements [10]. It has been 
reported [11] that the branched structure in the chromium based polyethenes results 
from the copolymerization reaction between ethene and macromonomer. This seems 
feasible: The chromium-catalyzed materials have a high vinyl content while the Ziegler-
Natta -catalyzed polyethenes have mainly saturated end-groups [8 p. 454, 26]. 
Other means to induce LCB structure in the polyethene involve the post-reactor 
treatment, for example, by radiation [12, 13] or peroxide addition [14-16]. The branch 
structure may also originate from the thermoxidative decomposition [17, 18] if 
polyethene is exposed to unduly severe processing conditions.  
 
2.2 Long-chain branching mechanisms 
 
Terminal branching has been considered to be a very likely branching mechanism with 
metallocene catalysts [19-22]. The branching mechanism is shown in Scheme 2.1. 
According to this mechanism, the catalyst must first produce vinyl terminated 
polyethene chains, or macromonomers, and then copolymerize them into a growing 
polymer chain. Long-chain branching is believed to take place with this mechanism 
when a half-metallocene catalyst, Dow Chemical Company's constrained geometry 
catalyst (CGC), is used. The catalyst fulfills both prerequisites as it produces polyethene 
molecules with terminal double bonds and very efficiently copolymerizes ethene with 1-
olefins [21, 23-25]. One manifestation of LCB formation via the macromonomer 
insertion route is the fact that the metallocene mediated copolymerization of ethene with 
nonconjugated dienes has been found to lead to cross-linking [26, 27]. 
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Scheme 2.1 
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However, it has been unclear whether the copolymerization route is generally 
effective in the formation of LCB structure with metallocene type catalysts. For this 
reason, it is necessary to understand both chain transfer mechanisms that determine end-
group structures and the copolymerization abilities of metallocene catalysts. 
The copolymerization reaction is not the only possibility for the production of the 
branched polymer. In the LCB polyethene obtained with a vanadium-based catalyst 
[11], the branching has been proposed to take place via alkane C-H activation. The 
proposed mechanism is shown in Scheme 2.2. The C-H bond activation mechanism is 
supported by the finding that n-hexane is reactive with the vanadium catalyst.  
 
 
Scheme 2.2 
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2.3 Long-chain branching in single-center catalyzed polyethenes 
 
Long-chain branching in metallocene-catalyzed polymers has been the subject of 
intense research since the first patents were published in the mid-nineties [19, 28]. The 
first single-site catalyst reported to produce LCB polyethene was the CGC, which is a 
half-metallocene [28, 29]. In the early publications, it was only stated that the open 
structure of CGC enables LCB formation. However, it has been possible to use 
sterically more hindered dicyclopentadienyl catalysts for the production of LCB 
polyethene. LCB has been produced with Cp2ZrMe2/B(C6F4)3 [19] and Cp2ZrCl2/MAO 
[V, 30, 33], nevertheless, the use of (Me5Cp)2ZrMe2/MAO -catalyst resulted in a linear 
polymer [19]. In addition to these catalysts, Et[Ind]2ZrCl2/MAO and other ansa-
metallocenes have also been reported [31, 32, I, III-V] to produce LCB polyethene. 
Both supported [32] and homogeneous [I, 33] catalysts can be employed. Metallocenes 
produce LCB polyethene in gas-phase [31], slurry [I, 33], and solution systems [VIII]. 
Prior to the experimental work reported in paper [I], only patent literature was 
available on the LCB in single-site polyethenes. The first papers suggesting the 
presence of LCB in metallocene-catalyzed polyethenes were published in 1996 and 
1998 [30, 32] followed by us [I]. The suggestions were based on 13C NMR 
spectroscopy and rheological measurements. Figure 2.1 shows a 13C NMR spectrum of 
a homopolyethene catalyzed with 1 and the peak assignment for LCB structure in the 
polymer [I]. The sample was estimated to contain ≈ 0.2 LCB / 1000 C. 
 
40 35 30 25 20 15 10
14
.0
5
22
.8
727
.3
1
29
.4
830
.0
0
30
.5
1
32
.1
8
34
.5
6
38
.1
5
Tδ+δ+ 1
2
3
Sαδ+
Sβδ+
Tδ+δ+
Sαδ+ Sβδ
+
3 2 1
R
R
 
Figure 2.1 The 13C NMR spectrum of a polyethene produced with Et[Ind]2ZrCl2/MAO [I]. 
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2.4 Rheological properties of long-chain branched polyethenes 
 
Long-chain branching has several benefits relating to the polymer processability [34-37] 
since it affects the melt viscosity, temperature dependence of viscosity, melt elasticity, 
shear thinning, and extension thickening. The effect of the branching on the melt-state 
properties of polyethene depends on the length and the distribution of the branches, and 
the molecular weight and the molecular weight distribution. In recent years, several 
research groups have intensively studied the rheological properties of LCB polyethene 
[10, 30, 38-47]. 
The zero-shear viscosity (η0) of polymers depends on the weight average molecular 
weight (Mw) as shown in Equation 2.1. The coefficient α ≈ 3.4 for a linear polymer 
when Mw > Mc [34 p. 80, 35 p. 498]. Branched polymers have greater α values. Widely 
used k and α values for linear polyethene at 190°C are k = 3.4×10-15 (Pa×s); α  = 3.6 
[48]. At 150°C, the values k = 6.8×10-15 (Pa×s); α  = 3.6 have been reported [43]. 
 
η0 = k × Mwα          (2.1) 
 
The effect of the branching on the melt viscosity is two-dimensional; 1) the decrease 
in the radius of gyration and 2) an increase in the entanglement density. Depending on 
the dominant component, the LCB decreases or increases the η0 [49]. The branch length 
and distribution depends on the branching mechanism, which thus has a large effect on 
the observed η0 [7, 50]. 
The melt rheological properties of selected LCB metallocene-catalyzed samples are 
shown in Table 2.1 [I]. The reference samples are used for comparison purposes. Ref-1 
is a (n-BuCp)2ZrCl2-catalyzed PE-HD, whose structure is considered to be very linear. 
Ref-2 is a commercial Ziegler-Natta based PE-LLD that contains only SCB and ref-3 is 
a conventional PE-LD sample that contains a considerable amount of LCB. 
The complex viscosity (η*) of a linear polymer, at low shear rate (or at low 
frequency), approaches η0, which depends on the Mw. The comparison of the GPC 
based Mw and η*(0.02 rad/s) of B2 and ref-1 reveals a clear discrepancy. The η* of B2 
is 2-fold compared to that of ref-1, though, the Mw of B2 is less than 50% of the Mw of 
ref-1. The same discrepancy is seen between B3 and ref-2. The discrepancy is readily 
explained by branching, which increases the η0 dramatically [I]. 
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Table 2.1 Melt rheological properties of linear and branched polyethenes [I]. 
 
Sample 
 
Polymer Type 
 
Mw 
[kg/mol] 
 
Mw/Mn 
η*(0.02 rad/s) 
at 190°C 
[Pa×s] 
 
Ea 
[kJ/mol] 
B2a PE-LLD 153 3.6 710,000 64 
B3a PE-LLD 78 3.3 13,000 59 
D1b PE-HD 114 2.2 26,000 41 
D3b PE-LLD 140 2.3 29,000 39 
Ref-1 PE-HD 380 2.1 307,000 26 
Ref-2 PE-LLD 100 3.8 5,500 33 
Ref-3 PE-LD 154 9.3 4,600 55 
a Polymerized using  Et[Ind]2ZrCl2/MAO as a catalyst. 
b Polymerized using Et[H4Ind]2ZrCl2/MAO as a catalyst. 
 
Viscosity measurement alone does not prove the presence of LCB. The temperature 
dependence of viscosity, or the Arrhenius type of flow activation energy (Ea), is 
considered to be a very reliable and sensitive measure of LCB in polyethene [49, 51, 
52]. The increased length and content of the branches increases the Ea, which is not 
affected by the breadth of Mw/Mn. The Ea of linear polyethene is 25-29 kJ/mol [14, 53], 
a small amount of SCB results in Ea values of 30-35 kJ/mol [38, 52, 54] and LCB 
polyethene has Ea values of 40-60 kJ/mol [14, 52]. 
The values shown in Table 2.1 are in line with the reported values. Linear PE-HD, 
ref-1, has an Ea value of 26 kJ/mol. PE-LD (ref-3), which is known to contain LCB has 
an Ea value of 55 kJ/mol. The experimental materials (B2, B3, D1, D3) have clearly 
elevated Ea values, ranging from 40 to 60 kJ/mol, strongly supporting the presence of 
LCB in these materials [I]. 
A peculiar effect of the LCB is the shear rate dependence of Ea [55]. The Ea of LCB 
polymer decreases with increasing shear rate. Ea of linear polymers is independent of 
the shear rate. This behavior is attributed to the relaxation [52] and disentanglement [55] 
process of the branched chains. At the higher shear rate entanglements of the branched 
polymers are more easily detached than the entanglements of the linear chains. 
Besides the effect on the η0 and Ea, the LCB influences the viscosity curve together 
with the Mw/Mn, enhancing the shear thinning and melt elasticity [15, 56, 57]. The high 
Mw fraction of the polymer has the largest influence on this [34 p. 372]. 
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Figure 2.2. Melt elasticity (G’ vs. G”) curves of a long-chain branched (B2) and linear (ref-1) 
polyethene. Long-chain branching increases the value of storage modulus (G’) and shifts the 
crossover to lower frequency and moduli values [I]. 
 
 
Figure 2.2 shows the effect of LCB on the melt elasticity, or the relative 
contributions of storage (G’) and loss (G”) moduli. [I] For a linear polymer with narrow 
Mw/Mn, G’ is much less than G” at low frequencies. An increase in the LCB or Mw/Mn 
shifts the crossover to lower frequencies and modulus values. For sample B2, the G’ is 
already equal to the G” at the low angular frequency range due to LCB.  
In extensional flow, when the polymer melt is drawn, the LCB has one more 
interesting effect on the stress-strain curve. The LCB induces strain hardening, or 
extension thickening, with increasing strain rate. The resulting elongational viscosity 
(ηE) can reach a maximum value, which is 3-7 times higher than the ηE at a low strain 
rate. After the maximum value, extension thinning takes place [34 pp. 231-268]. The ηE 
of the linear polymer shows only extension thinning behavior. 
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3  POLYMERIZATION MECHANISMS 
 
Understanding the mechanisms and kinetics involved in the polymerization process 
enables one to predict the structure of the polymer formed. Propagation and termination 
rates determine molecular weight, molecular weight distribution, and, in 
copolymerization, comonomer content and distribution. The catalyst initiation and 
deactivation processes have an influence on the kinetics, and the cocatalyst may have an 
effect on the extent of the prevailing mechanisms [3, 5, 6, 58, 59]. 
 
3.1 Initiation and propagation reactions 
 
A simplified scheme for the catalyst activation and propagation mechanism in 
metallocene-catalyzed polymerizations is shown in Table 3.1. Neutral metallocene 
compound (L2MCl2) is inactive without an activator and requires a strong Lewis acid 
(i.e. methylaluminoxane) to form a cationic metal center, which is active in 1-olefin 
polymerization [58, 59]. Propagation then proceeds by 1-olefin coordination and 
insertion via a transition state [5, 60, 61]. The exact route for the monomer insertion is 
not completely understood. Agostic interactions [62] appear to have an important role in 
the chain growth process. 
Kinetic studies [5, 63, 64] have shown that the polymerization rate Rp, does not 
always follow a simple first order relationship (α = 1), but often depends on the 
monomer concentration to the power 1.2-1.4, indicating complex reaction pathways. 
Different kinetic models have been proposed to describe this kind of polymerization 
behavior [5, 65, 66]. 
 
 
Table 3.1 Schematic activation and propagation reactions and the kinetic equation for 
propagation. Propagation constant includes the active site concentration (kp = kp’[C*]). 
L = ligand; MAO = methylaluminoxane; M = Ti, Zr, or Hf 
Reaction Reaction path 
Kinetic 
Expression 
   
Activation L2MCl2 + MAO → L2M+−CH3 + [MAO-Cl2]−  
Propagation L2M+−CH2CH2R + CH2=CH2 → L2M+− CH2CH2CH2CH2R Rp = kp×[M]α 
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3.2 Chain transfer reactions 
 
The most common chain transfer mechanisms identified in metallocene catalyzed 
ethene polymerization and the corresponding end group types have been collected in 
Table 3.2. 
β-H elimination (chain transfer to the metal) and chain transfer to the monomer are 
generally believed to be the dominant chain transfer reactions in the olefin 
homopolymerization [5, 67, 68]. They lead to the formation of vinyl (CH2=CH−R) or 
vinylidene (CH2=C(R’)−R) bond in ethene or 1-olefin polymerization, respectively. 
There is some theoretical [23] and experimental [69] evidence that chain transfer may 
take place via alkene C−H activation (σ-bond metathesis) for some polymerization 
systems. In that case, vinyl bond is at the beginning of a chain. 
In propene polymerization, β-CH3 elimination can take place with some catalyst 
systems, which leads to the formation of allyl (CH2=CH−CH2−CH(CH3)−R) end-groups 
[70]. 
 
 
Table 3.2 Chain transfer reactions, schematic reaction path, and the kinetic equations in ethene 
polymerization. Chain transfer constant include the active site concentrations (ktr = ktr’[C*]). 
Ligands have been omitted for clarity. 
Chain transfer 
reaction 
Reaction components  End-groups 
Kinetic 
expression 
     
Chain transfer 
to monomer 
M+−CH2CH2R + CH2=CH2 → M+−CH2CH3 + CH2=CHR Rtr,M = ktr,M[M] 
β-H elimination M+−CH2CH2R → M+−H + CH2=CHR Rtr,β-H = ktr,β-H 
Chain transfer 
to aluminum 
M+−CH2CH2R + AlR’3  → M+−R’ + R’2AlCH2CH2R Rtr,Al = ktr,Al[Al] 
Chain transfer 
to hydrogen 
M+−CH2CH2R + H2  → M+−H + CH3CH2R Rtr,H2 = ktr,H2[H2] 
σ-bond 
metathesis 
M+−CH2CH2R + CH2=CH2  → M+−CH=CH2 + CH3CH2R Rtr,σ = ktr,σ[M] 
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Chain transfer to the aluminum (cocatalyst) is usually of minor importance in ethene 
polymerization. However, it appears to be more important in propene polymerization 
[71]. Chain transfer to the aluminum leads to the formation of an Al−CH2−R compound. 
The aluminum-alkyl bond is highly reactive and the treatment with HCl/EtOH − a 
standard laboratory washing procedure − results in a saturated end-group in the polymer 
[72]. 
Chain transfer to an external chain transfer agent, for example hydrogen [67, 73], 
results in a saturated chain end. The introduction of hydrogen significantly increases the 
productivity of some metallocene catalysts, especially in propene polymerization [74, 
75]. Hydrogen is far more reactive in metallocene-catalyzed polymerizations than in 
Ziegler-Natta polymerizations [76]. 
In the copolymerization of ethene and 1-olefin, vinylidenes and trans-vinylenes 
(CH3−R’−CH=CH−R) account for a significant part of the end-groups. Both β-H 
elimination and chain transfer to the 1-olefin after 1,2-insertion of the 1-olefin results in 
the formation of a vinylidene bond. β-H elimination or chain transfer to the monomer 
after 2,1-insertion results in the formation of a trans-vinylene bond in the polymer chain 
[77]. 
 
3.3 Isomerization reactions 
 
Isomerization reactions play an important part in the formation of regio- and 
stereoerrors in propene polymerization and in chain termination [75, 78-80]. The 
isomerization reactions contribute not only to the formation of stereo errors but also to 
the chain transfer. The catalyst structure [81] and monomer concentration [82] have a 
major influence on the extent of the isomerization reaction leading to the formation of 
the stereo errors. 
In ethene polymerization, isomerization reactions have a less important role. There 
are some reports of the formation of short chain branching and trans-vinylenes via 
isomerization reactions. Small quantities, up to 1.4 mol-%, of ethyl branches [83] have 
been found in meso-Et[Ind]2ZrCl2/MAO catalyzed polyethenes. Small amounts of 
quaternary ethyl branches have also been found [84]. Branching was proposed to take 
place via β-H transfer to the coordinated ethene and reinsertion. Ethyl branching has 
also been reported to occur with other catalyst systems [IV, VII, VIII, 85]. 
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Short-chain branching in the polyethenes produced with Brookhart type Ni- and Pd- 
catalysts originates from a chain-walking mechanism [86, 87]. 13C NMR spectroscopic 
experiments have shown that methyl branches dominate and the fraction of longer 
branches is inversely proportional to the length of a branch [88]. There are no reports as 
to whether these polymers contain branches long enough to be considered rheologically 
significant.  
The presence of methyl branches [24, VII, VIII] and trans-vinylenes [89-91, III] in 
polyethenes could be explained with an isomerization reaction that includes a chain 
transfer reaction (β-H elimination or chain transfer to monomer) and olefin rotation. 
Subsequent 2,1-reinsertion of polymer chain would result in the formation of a methyl 
branch. Alternatively, chain transfer can take place, which would lead to the formation 
of a trans-2-vinylene end group. The latter reaction would have a significant influence 
on the vinyl end-group selectivity [79, 89-92]. 
A source for internal unsaturations (trans-vinylenes) could be a hydrogen evolution 
mechanism [93] or 2,1-insertion of macromonomer and subsequent termination [94]. 
According to the proposed hydrogen evolution mechanism, 2,1-insertion of the 
comonomer is followed by β-H elimination. Then, dehydrogenation takes place via an 
allylic intermediate. Further chain growth results in the internal trans-vinylene in a 
polymer chain and free hydrogen in the polymerization reactor. This mechanism has 
been proposed to explain the internal trans-vinylenes in ethene−1-olefin copolymers 
obtained with Ph2Me[Cp][Flu]ZrCl2/MAO. Hydrogen can react further, eventually 
leading to the formation of saturated chain ends. 
The internal trans-vinylene bond formation via 2,1-insertion of macromonomer 
appears to be more improbable. One might expect to observe more 1,2-insertion induced 
(long-chain) branches than 2,1-insertion induced trans-vinylenes in a polymer chain. 
However, trans-vinylene content is often higher than the branch content. 
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4 POLYMERIZATION PARAMETERS INFLUENCING THE 
MICROSTRUCTURE OF POLYOLEFINS 
 
The analysis of the polymer microstructure and end-groups reveals the fingerprints of 
the mechanisms involved in the polymerization process. The presence of the different 
end-group types indicates that various chain transfer or isomerization reactions have 
participated in the polymerization. However, different mechanisms may produce the 
same end group types. In these cases, the response to the changes in polymerization 
conditions may be utilized to reveal the reaction paths. The response to the 
polymerization temperature, monomer, comonomer, cocatalyst, and hydrogen 
concentration depends largely on the catalyst system. 
The microstructure of polypropene has been thoroughly studied but little information 
is available regarding the influence of the polymerization conditions on the structure of 
polyethene. The main reason for this is the richness of microstructural details in 
polypropene. In addition to this, due to the large number of catalyst structures 
developed during the last decade, much effort has been put into catalyst comparison and 
the effect of polymerization conditions has gained less attention. Based on polypropene 
data, some general trends regarding the influence of the polymerization conditions on 
the polymer microstructure can be observed. 
 
4.1 Temperature 
 
In ethene polymerization, the trans-vinylene content has been found to increase with 
polymerization temperature [90]. In propene polymerization, the isotacticity of 
polypropene decreases with an increase in the temperature [95]. The decrease in the 
stereospecificity at elevated temperatures is caused by an increased number of 
isomerization reactions after stereoregular 1,2-insertion [78]. The total amount of 
regioirregular insertions does not seem to change, though 2,1-inserted monomers 
isomerize in larger quantities to the 1,3-position at high temperatures [78]. In a similar 
way, the fraction of stereoirregular vs. stereoregular insertions increases relatively 
slowly with temperature [95]. A small temperature dependence can be expected at a 
large temperature interval because the rigidity of a catalyst ligand changes slightly. 
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4.2 Monomer concentration 
 
Monomer concentration may have an effect on the molecular weight, depending on the 
chain transfer mechanism. If a unimolecular chain transfer reaction dominates, i.e. β-H 
elimination, the chain transfer rate is independent of the monomer concentration and an 
increase in the concentration increases the molecular weight. If a bimolecular chain 
transfer reaction dominates, i.e. chain transfer to the monomer, the chain transfer rate 
increases proportionally with the propagation rate and the molecular weight is 
independent of the monomer concentration. 
In ethene polymerization, lowering the ethene concentration has been found to keep 
the ethyl branch content constant [83], increase trans-vinylene bond content [89, 91], 
and increase the methyl branch content [VII]. 
Decreasing the propene concentration in the polymerization medium lowers the 
isotacticity of polypropene when C2-symmetric [81] metallocene catalysts are used. 
This is due to the isomerization reactions. With some C1-symmetric catalysts the trend 
has been found to be opposite: An increase in the monomer concentration decreases 
isotacticity [96, 97]. This has been proposed to be caused by the increase in 
stereoirregular insertions [97]. The C1-symmetry enables propene to be inserted 
stereoregularly from one-side only. At low monomer concentration, a back-skip reaction 
[98], in which a growing chain flips to the sterically less restricted coordination-site, has 
enough time to occur. As the monomer concentration is increased, the monomer has a 
greater possibility to intercept this flipping and insert in a stereoirregular fashion [97]. 
 
4.2.1  The effect of ethene concentration on the vinyl selectivity and molecular weight 
 
Vinyl selectivity is considered to be an important factor in LCB formation. Figure 4.1 
shows the vinyl bond contents of polyethenes produced with catalysts 1-8. In addition to 
the vinyl end-groups, the polymers contained trans-vinylenes and a very small amount 
of vinylidene double bonds [II, III, V]. 
The reaction paths for trans-vinylene formation were discussed in Chapter 3.3. 
Vinylidene bonds may originate from a side-reaction: a vinyl terminated polyethene 
macromonomer is reincorporated into a growing chain, followed by a subsequent 
termination [III, 94]. 
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Vinyl selectivity was almost 100% with the indenyl substituted Zr-catalysts 1, 7, 8, 
and 5. A decrease in the monomer concentration slightly lowered the vinyl selectivity. 
Intermediate vinyl selectivities were observed with 3 and 4. The polyethenes produced 
with the latter catalyst typically had much higher vinyl contents than those produced 
with 3. The lowest vinyl selectivities and vinyl contents were in 2 and 6 based 
polyethenes, where only a third of the molecules contained vinyl bonds.  
Figure 4.2 shows the Mn as a function of ethene concentration (CE). 1, 5, 7, and 8 
produced polyethene with a constant Mn. The Mn of polyethenes catalyzed by 2, in turn, 
increased proportionally with the CE. The Mn dependence of polyethenes produced with 
3, 4, and 6 appears to lie somewhere between these two cases. The data from vinyl end-
group and molecular weight analysis was utilized in the determination of chain transfer 
mechanisms, which is discussed in Chapter 4.4. 
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Figure 4.1 The vinyl end group content and selectivity in homopolyethenes produced with 
catalysts 1-8. Vinyl selectivity has been calculated from the GPC (Mn) and FTIR data. 
Polymerization conditions: T = 80°C, MAO cocatalyst, solvent toluene. Trendlines are for 
guidance only. 
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Figure 4.2 The number average molecular weight of homopolyethenes as a function of ethene 
concentration. Polymerization conditions: T = 80°C, MAO cocatalyst, solvent toluene. Trendlines 
are for guidance only. 
 
 
4.2.1  The effect of ethene concentration on the molecular weight distribution 
 
In the ethene polymerization with 1, a decrease in the CE resulted in a small increase 
in the Mn and a very pronounced increase in the Mw/Mn [III]. Figure 4.3a illustrates 
this. Similar behavior was observed with the other bis(indenyl) catalysts 5, 7, and 8. At 
CE = 0.40 M polymerized polyethene had a Mw/Mn of about 2.0. With decreasing CE, a 
shoulder appeared to the high Mw tail, and for a polymer produced at the lowest CE the 
Mw/Mn was 3.2. The broadening may have arisen from the presence of multiple active 
sites, or other factors. 
The GPC chromatogram curve of the sample produced at CE = 0.02 M was found to 
fit in the Schulz-Flory distribution model, with three different active centers. Generally, 
metallocene catalysts have been considered to exhibit only one kind of active center. 
The introduction of hydrogen or comonomer (1-olefin) should result in a broader 
Mw/Mn, or reveal multiple peaks in the DSC curves if three different active species were 
present. The experiments with 1-olefin or hydrogen, however, gave narrow GPC and 
unimodal DSC melting curves. Therefore, the presence of three active centers is 
considered unlikely. 
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Figure 4.3. a) The ethene concentration effect on the molecular weight distribution of 1/MAO 
catalyzed polyethenes. Tp = 80°C. [III] b) The diene concentration effect on the molecular weight 
distribution curve (CE = 0.24 mol/L) [VI]. Macromonomer reincorporation is believed to lead the 
formation of the high Mw tail. 
 
 
A more likely explanation for the broadening of the Mw/Mn at the high Mw tail is the 
reincorporation of a vinyl-terminated macromonomer into a growing polymer chain. 
This reaction would lead to the formation of very long linear chains or branched 
polymer [III]. Measurement with a dual-detector GPC indicated the presence of 
branching in the high Mw tail. 
This conclusion is further supported by the results obtained in ethene 
copolymerization with a nonconjugated α,ω-diene [VI]. The use of an α,ω-diene 
produces polyethene chains with vinyl bonds along the polymer backbone. Figure 4.3b 
shows the effect of increasing diene content on the Mw/Mn. Homopolyethene (0.4 C=C / 
1000 C) had a narrow Mw/Mn but an increase in the vinyl bond content resulted in the 
formation of a high molecular weight tail. This indicated that very long chains had been 
incorporated into a growing polymer chain. In addition, the melt rheological 
measurements revealed that the branching increased with decreasing CE or increasing 
diene content (see chapter 6).  
 
4.3 The effect of hydrogen 
 
Hydrogen acts as a chain transfer agent in olefin polymerization, reducing the molecular 
weight, but the response varies from one catalyst to another [75, 99]. Incorporation of 
hydrogen does not affect the isotacticity of polypropene [75], but it drastically 
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diminishes the amounts of regio errors [68], since a slow propagation rate after 2,1-
insertion of the monomer facilitates hydrogen insertion and chain transfer [75, 78]. In 
ethene polymerization, hydrogen has been found to efficiently suppress the formation of 
trans-vinylenes, while the effect on the vinyl bonds is less pronounced [99, III, V]. 
The catalysts had marked differences in sensitivity towards hydrogen insertion and 
the resulting chain transfer. The hydrogen sensitivity of catalysts 1-6 is collected in 
Table 4.1 [III, V]. When 2 or 3 was used, the molecular weight decreased drastically 
and the vinyl bond content (C=C / chain) was very low. The decrease in the molecular 
weight was also very notable with 4 and 6. Bis(indenyl) substituted catalysts 1 and 5 
had the lowest tendency towards hydrogen insertion under these polymerization 
conditions [III, V]. 
 
 
Table 4.1. The effect of hydrogen on the polyethene structure.a 
       
Catalyst Hydrogen 
Feed 
Mw Mn Mw/Mn trans- 
Vinylenes 
Vinyls 
 (mmol) (kg/mol) (kg/mol)  (C=C / 1000 C) (C=C / 1000 C) 
       
1 0.0 98 41 2.4 0.03 0.37 
1 1.3 46 25 1.9 0.00 0.36 
       
2 0.0 300 128 2.3 0.08 0.03 
2 b0.0 1000 400 2.5 <0.06 <0.02 
2 b0.4 69 34 1.9 0.00 0.02 
       
3 0.0 290 130 2.3 0.05 0.07 
3 0.5 17 8 2.1 0.00 0.08 
       
4 0.0 142 46 2.4 0.05 0.13 
4 1.3 18 9 2.0 0.00 0.20 
       
5 0.0 167 65 2.6 0.02 0.19 
5 1.3 91 37 2.4 0.00 0.17 
       
6 0.0 292 85 3.4 0.03 0.05 
6 1.3 45 21 2.2 0.00 0.03 
a Polymerization conditions: T = 80°C; CE = 0.08 mol/L; cocatalyst MAO. 
b CE = 0.24 mol/L.  
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The difference in the sensitivity towards chain transfer was attributed to the 
dominance of competing chain transfer mechanisms [III]. After hydrogen insertion, the 
active site is of form Zr+−H. Similarly, β-H elimination inherently produces Zr+−H 
bonds but chain transfer to the monomer produces Zr+−CH2CH3 bonds. Apparently, for 
2 the energy barrier for the formation of Zr+−H bond is lower than required for the 
formation of Zr+−CH2CH3 bond. The situation is opposite for 1 and 5. Analogously 
considering the hydrogen insertion, the formation of Zr+−H bonds is more difficult for 1 
or 5 than for 2, which would explain the difference in sensitivity towards chain transfer 
to hydrogen. 
 
4.4  Chain transfer mechanisms in examined catalysts 
 
Based on the polymerization studies, several conclusions regarding the polymerization 
behavior and prevailing chain transfer mechanisms can be drawn. The conclusions are 
summarized in Table 4.2, which highlights the differences between the catalysts under 
similar reaction conditions. 
 
 
Table 4.2 Comparison of the relative magnitudes of chain transfer mechanisms, isomerization 
tendency, and hydrogen reactivity of the examined catalysts in ethene polymerization at 80°C. 
Isomerization tendency describes the observed trans-vinylene content. 
      
Catalyst Chain transfer to 
the monomer 
β-H 
Elimination 
Chain transfer to 
the aluminum 
Isomerization 
tendency 
Reactivity 
towards H2 
      
1 +++ - - + + 
2 - ++ + +++ +++ 
3 o + + ++ +++ 
4 + o + ++ ++ 
5 +++ - o + + 
6 o + + ++ ++ 
7 +++ - - o n.d. 
8 +++ - - + n.d. 
+++ very important   ++ important + moderately important 
o may have some importance - not important n.d. not determined 
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In ethene homopolymerization, chain transfer to monomer, β-H elimination, and 
chain transfer to cocatalyst are catalyst specific [II-V]. One should also note that 
reactant concentrations have a significant effect on the relative importance of the 
corresponding chain transfer reaction. 
The chain transfer to the monomer was judged to be the major chain transfer 
mechanism with the ansa-bis(indenyl) zirconium catalysts 1, 5, 7, and 8. This 
conclusion was based on the following two findings: 1) Vinyl selectivity was 
approximately one unsaturation in each chain, (Fig. 4.1) which suggested that chain 
transfer to MAO was negligible, and 2) the Mn was independent of ethene 
concentration, (Fig. 4.2) which meant that β-H elimination was insignificant. 
β-H elimination was a dominant chain transfer mechanism with 2. (Fig. 4.2) The Mn 
increased proportionally with the ethene concentration, and the vinyl end-group 
selectivity was constant. Low vinyl end-group selectivity suggested that isomerizations 
decreased the vinyl end-group selectivity, or chain transfer to aluminum was present to 
some degree. 
Possibly, all three chain transfer routes were equally competing with 3, 4, and 6. The 
Mn of polyethenes produced with these catalysts depended, more or less, on the ethene 
concentration, and the vinyl end-group selectivity was clearly less than 100%. 
Isomerization tendency appeared to be the most significant with the catalysts in 
which β-H elimination dominated and the hydrogen reactivity was high. 
The tendency towards chain transfer to hydrogen was the highest with 2 and 3. 
Catalysts 4 and 6, and the ansa-bis(indenyl) catalysts, 1 and 5, had the lowest response. 
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5 COPOLYMERIZATION OF ETHENE AND 1-OLEFINS 
 
In this work, copolymerization studies were used to predict the relative reactivity of 
very long 1-olefins with various metallocene compounds [II-VI]. Ethene−co-1-hexene 
and ethene−co-1-hexadecene copolymers were produced using known (1-6) and novel 
siloxy-substituted (7-10) metallocene catalysts. The reactivity ratios of the components 
are listed in Tables 5.1 and 5.2.  
Metallocene catalysts have successfully been applied for the copolymerization of 
ethene and various short and long 1-olefins, for example 1-octadecene [100] and vinyl-
terminated polypropene oligomers (Mn≈700 g/mol) [101]- Bulky comonomers, i.e. 
norbornene and styrene [6], and isobutene [102] are also reactive to some extent.  
Ethene is the most reactive olefin. The reactivity of 1-olefins decreases as the length 
of the alkyl group is increased. However, the difference in the reactivity diminishes as 
the length is increased. The linear 1-olefins are more reactive than the branched 1-
olefins; the branching at the α-carbon decreases the reactivity drastically. The poor 
reactivity of the α-substituted 1-olefins is generally attributed to the steric crowding in 
the vicinity of the reactive double bond. The reactivity of other branched and bulky 1-
olefins depends largely on their structure [103 p. 140]. 
Apart from these general reactivities of various 1-olefins, the reactivity of a 1-olefin 
is highly dependent on the catalyst structure. Krentsel et al. [103 p. 248] have 
summarized the literature published on the reactivity ratios for several Ti, Cr, and V 
based traditional transition-metal catalysts and novel metallocenes. Metallocene 
catalysts are generally more reactive towards comonomer insertion than traditional 
transition metal catalysts for olefin polymerization, but the reactivity of a 1-olefin is 
highly dependent on the ligand structure of metallocene complex. 
 
Table 5.1 Reactivity ratios for ethene/1-hexene and ethene/1-hexadecene at 80°C [II, III, V, VI]. 
          
 Catalyst 1 2 3 4 5 6 7 8 
          
{ rethene r1-hexene 
48±4 
<0.02 
71±4 
<0.03 
 112±9 26±4 6±1 55±3 
0.005 
19±4 
0.006 
{ rethene r1-hexadecene 
51±7  160±13    63±2 
0.002 
25±1 
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Table 5.2 Reactivity ratios for ethene and 1-hexene [IV] at 40°C. 
      
 Catalyst 7 8 9 10 
      
{ rethene r1-hexene 
36±3 
0.003 
16±1 
0.005 
11±1 
0.005 
10±1 
0.001 
 
 
 
5.1 Influence of the ligand structure on comonomer reactivity 
 
The copolymerization series carried out in this study (Table 5.1) is an attempt to 
summarize the copolymerization behavior of some common metallocene catalysts. 
Overall, the results agree with the general trends reported in the literature. Direct 
comparison of the literature data regarding the copolymerization abilities of metallocene 
catalysts is difficult, as the copolymerization studies with longer 1-olefins have usually 
been carried out with a limited selection of catalysts under different polymerization 
conditions [85, 93, 101, 104-107]. Furthermore, some comparisons provide 
contradictory data. The discrepancies may arise from poor control of the polymerization 
conditions. Therefore, the literature values should be treated with caution if no adequate 
background information for the polymerization method has been provided.  
Electronic factors at the active center and steric environment in the vicinity of the 
active center of a metallocene catalyst determine the reactivity of monomers and the 
structure of the copolymer. Many general conclusions about the influence of the ligand 
structure on the polymer structure [108, 109] can be made, although the details of how 
the combination of electronic and steric effects determines the reactivities of reactants 
are unknown. Ligand substitution, transition metal (Ti, Zr, Hf), and the interannular 
bridge have distinctive effects on the polymerization behavior. Hafnium-based catalysts 
are considered to exhibit better copolymerization properties than zirconium based 
catalysts [110]. 
The basic zirconocene, Cp2ZrCl2 (4), is highly reactive towards ethene and 
moderately reactive towards 1-olefin (comonomer) insertion [111], The structure of the 
catalyst does not hinder free rotation of the cyclopentadienyl ligands. Furthermore, the 
substituent-free cyclopentadienyl ligands do not promote any stereocontrol for the 1-
olefin coordination. Free rotation leads to a dramatic decrease in the 1-olefin response 
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with increasing polymerization temperature and the lack of stereocontrol results in 
misinsertions, which inhibit the chain growth and decrease the molecular weight 
drastically. Polypropene produced with this catalyst is atactic and has a low molecular 
weight [108]. 
The introduction of an interannular bridge between the ligands eliminates the free 
rotation and the substitution of the cyclopentadienyl with a C2-symmetric ligand 
promotes stereocontrol for 1-olefin insertion. rac-Et[H4Ind]2ZrCl2 (2) and rac-
Et[H4Ind]2TiCl2 were the first metallocene catalyst shown to produce isotactic 
polypropene [112, 113]. This catalyst has also clearly higher comonomer response than 
4 [104, 114.] 
The rigid structure of 2 prevents the regio- and stereoirregular insertions to a large 
extent. This is very true at low temperatures. At higher temperatures the stereocontrol 
effect is weakened [95]. The dehydrogenation of the tetrahydroindenyl ligand provides a 
less restricting indenyl ligand; the indenyl ligand forms a plane. rac-Et[Ind]2ZrCl2 (1) 
produces more isotactic polypropene at low monomer concentration [75] and at a higher 
temperature than 2 [95]. Also, 1 exhibits better copolymerization ability than 2 [115, 
III]. The electronic effects may also play a role in the better 1-olefin response. The 
electronic density around the central metal is lowered [116] when the alkyl ligand is 
replaced with an aromatic ligand. 
Other means of improving the comonomer reactivity is a variation of the length of 
the interannular bridge. In propene polymerization, replacing the −CH2CH2− bridge 
with a shorter −Si(Me2)− bridge increases the molecular weight and isotacticity. [117] 
rac-Me2Si[Ind]2ZrCl2 (5) has also higher comonomer response than 1 [V] or 2 [104]. 
Recent advances in catalyst design have resulted in more sophisticated catalyst 
structures with improved copolymerization abilities. The metallocene rac-Me2Si[Me-
Benz[e]Ind]2ZrCl2 is one example [118, 119]. This catalyst was originally developed for 
isotactic polypropene production, but it displays also a better copolymerization ability 
than 5 [120]. 
Other examples are provided by the introduction of heteroatoms (N, O, S, P) as 
ligand substituents, which has resulted in novel metallocene complex families. 
Increased comonomer response could be achieved with a proper siloxy-substitution on 
an indenyl ligand. [II] For example, the use of rac-Et[3-tert-BuSiMe2OInd]2ZrCl2 (8) 
results in an almost 3-fold increase in the comonomer incorporation compared to the 
corresponding 2-siloxy-substituted catalyst 7 or 1. The importance of heteroatom 
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substitution is highlighted by comparing the copolymerization behavior of two catalysts 
with different ligands, [3-tert-BuSiMe2Oind] vs. [3-tert-BuSiMe2Ind]. The results have 
shown that the latter silyl substituted catalyst has a poor comonomer response, probably 
due to the steric crowding [121]. 
Still another interesting improvement in the comonomer response has been achieved 
using meso-isomers of C2-symmetric metallocenes. [IV] In ethene and 1-olefin 
copolymerization, the reactivity ratios of siloxy-substitued meso-isomers are 
comparable to those of rac-Me2Si[2-Me-Benz[e]Ind]2ZrCl2 [107]. Typically, mixtures 
of racemic isomers are employed, due to the stereo-control in propene polymerization 
and the higher molecular weight.  
The changes in ligand symmetry alter the microstructure of the prepared polymer. 
Catalysts with CS-symmetry enable the production of highly syndiotactic polypropene 
[122]. An example of this is iPr[Cp][Flu]ZrCl2. Based on the published reactivity ratios, 
this catalyst has better copolymerization ability than rac-Me2Si[Ind]2ZrCl2 [85, 100, 
123]. 
The replacement of one of the cyclopentadienyl ligands with a (tertBuN)-ligand has 
been shown to lead to superior copolymerization properties. A half-metallocene 
compound, [CpMe4SiMe2N(t-Bu)]TiCl2, or CGC, has an extremely good comonomer 
response as measured by comonomer content in the polymer vs. feed ratio [124]. Even 
at 140°C, an rE value as low as 8.8 has been determined [24]. The high comonomer 
response has been attributed to the low steric hindrance at the active site. However, 
electronic factors lower the activity of this half-metallocene catalyst [125]. 
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6 INFLUENCE OF THE CATALYST AND POLYMERIZATION 
CONDITIONS ON LONG-CHAIN BRANCHING 
 
Considering LCB formation via the copolymerization route, the vinyl end-group 
selectivity and comonomer response of the employed catalyst are important factors in 
determining the polymer structure.  
Besides the choice of catalyst, polymerization processing conditions are also likely to 
have a great role in the formation of LCB. The forming polymer remains in the solution 
when the polymerization temperature is above the polymer melting point. The polymer 
precipitates from the solution partly or totally if the polymerization is carried out under 
slurry conditions, at temperatures below the polymer melting point. When a supported 
catalyst is used, the forming polymer chains encapsulate the catalyst particles and the 
polymerization occurs in the polymer phase [126]. 
The precipitation has a great influence on the mobility of the chains and monomer 
diffusion rate coefficients, which may account for the LCB formation [32]. Also, the 
polymer concentration effects the diffusion rate in the slurry polymerization. At high 
polymer concentration [127-129] the ethene diffusion rate is strongly retarded, which 
inevitably leads to a decrease in the monomer concentration in solution [130]. This has 
an enormous influence on the monomer and macromonomer concentration in the 
vicinity of the active site.  
Another important factor is the polymerization reactor operating conditions. In a 
batch polymerization, the macromonomer concentration increases and the monomer 
concentration decreases as the polymerization proceeds. The monomer concentration is 
constant in semi-batch polymerization. Only in the continuous stirred tank reactor 
system (CSTR), both monomer and macromonomer concentrations are constant after 
the steady-state conditions are achieved. To control the branching, the last mentioned 
method appears to be the best way to perform copolymerization reactions [125]. 
In this work, polymerizations were mainly carried out in slurry using the semibatch 
method [I-VI, VIII]. A series of solution polymerizations was carried out in a CSTR 
system [VII]. Monomer, comonomer, and hydrogen concentrations, catalyst choice, and 
polymerization time influenced LCB as measured with rheological means [III, V, VI]. 
Utilizing the CSTR system it was observed that the [ethene] / [macromonomer] ratio 
significantly influenced the LCB content. 
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Figure 6.1 Complex viscosity (η*) curves of polyethenes produced with catalysts 1-5/MAO under 
similar polymerization conditions. Single points shown at the left of the graph are calculated 
zero-shear viscosities (η0) expected for linear polymers. The measured η* of polyethenes 
produced with 2 and 3 approached the calculated η0 [48], whereas the η* of other polymers 
deviated, indicating the presence of long-chain branches [V]. 
 
 
6.1 The effect of the catalyst on branching 
 
Figure 6.1 shows the complex viscosities (η*) as a function of oscillation frequency (ω) 
for polyethenes produced with catalysts 1 - 5 under similar polymerization conditions 
[V]. The samples are the homopolymers reported in Table 4.1. Polyethenes obtained 
with 1 and 5 are expected to be the most highly branched, as their viscosities at ω = 0.02 
rad/s, were 30- and 42-fold higher, respectively, compared to the calculated η0 values of 
linear polyethenes of the same Mw. 
The increase in the viscosity level was much smaller in polyethenes produced with 
other catalysts. Polyethene catalyzed by 4 had a 7-fold and PE obtained from 2 a 2-fold 
higher viscosity. The η* of polyethene catalyzed by 3 was very close to the theoretical 
value, suggesting the absence of branching [V]. 
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Figure 6.2 Moduli (G’ = storage modulus, G” = loss modulus) curves of polyethenes produced 
with catalysts 1-5. Polyethenes 1 and 5 have greatly elevated G’ values due to LCB, whereas 
the moduli curves of 2 and 3 resemble the moduli curves of linear polymers [V]. 
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Figure 6.2 shows the moduli curves of polyethenes produced with catalysts 1-5. In 
addition, a storage modulus (G’) value at reference loss modulus value (G”=10 kPa) is 
shown to give a numeric value for the melt elasticity (G’ vs. G”). Melt elasticity is a 
very sensitive tool for detecting differences in the molecular structure, as an increase in 
the Mw/Mn or even a small LCB content increases the melt elasticity. For linear 
polymers, the molecular weight does not effect the melt elasticity. 
All polymer samples had a narrow Mw/Mn (2.2-2.5). The linear, narrow Mw/Mn 
polyethenes have in some cases G’(G”=10 kPa) values close to 1,000 Pa [III, VI, VII], 
although due to the high molecular weight tail, values up to 2,500 Pa may be observed. 
Hence, the observed major differences in the melt elasticity are due to LCB. Different 
molecular weights complicate the comparison, but in general terms it can be concluded 
that the polyethene produced with 1 and 5 are more branched than that produced with 4, 
which contains more branching than almost linear or linear polymers obtained with 2 
and 3.  
The rheological properties are in line with the proposed LCB mechanism, as the 
differences in the vinyl end-group selectivity (Figure 4.1) and the copolymerization 
ability (Table 5.1) suggested that 1 and 5 were more suitable catalysts for producing 
LCB polyethene than 2 or 3. 
The rheological properties of polyethenes produced with siloxy-substituted catalysts 
7-10 are collected in Table 6.1 [IV]. Those catalysts have an even higher comonomer 
response (Table 5.2) than 1 or 5. All samples have very high η*(ωref) and G’(G”ref) 
values indicating the presence of LCB. Polyethene prepared with 10 contained 0.06 
LCB / 1000 C according to a 13C NMR spectroscopic measurement. 
The polymerizations with the siloxy-substituted catalysts were carried out at 40°C 
using 3-fold higher ethene concentration compared to the series carried out with 1-5. 
Although it is not possible to perform a direct comparison of the results between these 
two series, the use of a lower temperature appeared to favor LCB formation. Two 
factors are considered to contribute: 1) comonomer response is higher at a lower 
temperature, and 2) polymer precipitation occurs faster at a lower temperature, which 
changes the mass transfer properties. This may have some importance regarding the 
LCB formation. This, however, requires further studies. 
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Table 6.1 Melt rheological properties of polyethenes produced with siloxy-substituted catalysts 
7-10 activated with MAO at 40°C. [C2H4] = 0.24 mol/L [IV]. 
 
Catalyst 
 
Mw 
[kg/mol] 
 
Mw/Mn 
Calcd 
η0 
[Pa×s] a 
Measured 
η*(0.02 rad/s) 
[Pa×s] 
 
G’(G”=10 kPa) 
[Pa] 
      
7 127 2.1 8,000 526,000 9,520 
8 190 2.3 34,000 1,220,000 12,500 
9 62 2.0 600 18,700 5,960 
10 118 2.3 6,200 662,000 10,600 
      
a The η0 has been calculated using the equation η0 = 3.4×10-15×Mw3.6 [Pa×s] from ref. [48]. 
 
 
6.2 The effect of ethene concentration 
 
The decrease in the ethene concentration increases LCB content as measured from the 
change in the rheological behavior shown in Table 6.2 [III]. The polymer produced 
with CE = 0.40 M (short polymerization time) had an Ea and η* values close to the 
expected values of linear polymers. These values were dramatically increased in the 
polyethene produced at the lowest CE. A small increase in the G' value could be 
explained with a broadening of Mw/Mn from 2.0 to 3.2. However, high G' values cannot 
be explained using the difference in the Mw/Mn, but with LCB instead. 
 
 
Table 6.2 Melt rheological properties of the polyethenes polymerized with 1/MAO in a semibatch 
flow reactor at 80°C. A decrease in the CE increased the branching [III]. 
[C2H4] 
 
[mol/L] 
tp 
 
[min] 
Mw 
 
[kg/mol] 
Mw/Mn Calcd 
η0 
[Pa×s] a 
η*(0.02 rad/s) 
at 190°C 
[Pa×s] 
G' at 
G"(10 kPa) 
[Pa] 
Ea 
 
[kJ/mol] 
        
 0.40 10 69 1.9 900 1,540 1,700 29 
 0.40 25 71 1.9 1,000 3,500 3,200 33 
 0.24 10 70 2.0 950 2,080 2,300 30 
 0.08 10 86 2.2 2,000 21,700 6,800 37 
0.08 20 98 2.4 3,200 94,000 9,600 42 
 0.04 25 120 2.8 6,600 185,000 11,500 44 
0.02 30 147 3.2 14,000 395,000 13,200 45 
a The η0 was calculated using equation η0 = 3.4×10-15 × Mw3.6 [Pa×s] from ref. [48]. 
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Figure 6.3 shows the η* vs. ω curves for polyethenes produced at different CE. Shear 
thinning is significant for the samples produced at low CE. The influence of the 
polymerization time on LCB indicated that the polymer concentration had an influence 
on the branching probability. Whether this effect was only a pure macromonomer 
concentration or diffusion effect could not be concluded. In the polymerization system 
being employed, the diffusion controlled branching is possible if the migration of the 
polymer chains or chain-end segments is retarded due to increased polymer 
concentration in the slurry. This would result in an increase in the macromonomer 
concentration in the vicinity of the active site [III]. It has been suggested that the 
probability for the macromonomer reincorporation and LCB formation is high enough 
only before it has drifted away from the vicinity of the active site [23].  
The CE effect for the polymers produced with 2, 3 and 4 indicated a clear deviation 
from linearity only at the lowest CE. The Ea values were comparable to the values 
expected for linear polyethenes and the differences between theoretical η0 and measured 
η*(0.02 rad/s) values were small. Also, the G' values were lower than those measured 
for polymers prepared with 1 [III, V]. 
 
 
 
Figure 6.3 Melt rheological behavior of polyethenes polymerized with 1/MAO varying the ethene 
concentration and polymerization time. A decrease in the CE resulted in the strongly elevated η* 
at low shear rates and significant shear thinning due to the LCB. Single points shown left in the 
graph represent theoretical η0 values [48] expected for a linear polymer. The polymers with high 
Mw or LCB structure have a true η0 value that is higher than the measured η*(0.02 rad/s) value. 
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Figure 6.4 The effect of [ethene] / [macromonomer] ratio on the LCB content in 5/MAO 
catalyzed polyethenes produced in a CSTR at 140°C. The reactivity of ethene was estimated to 
be 75-fold higher to that of macromonomer [VII]. 
 
 
Rheological studies showed in a qualitative manner, that the LCB content increases 
with decreasing ethene concentration. Figure 6.4 shows a quantitative analysis of the 
13C NMR based LCB content in polyethene as a function of the [ethene] / 
[macromonomer] ratio [VII]. The LCB content was the highest at low ratios and rapidly 
decreased with an increase in the ratio. This is in line with the LCB formation via the 
copolymerization reaction. 
 
 
Table 6.3 The effect of hydrogen on the melt rheological properties of the polyethenes in a 
semibatch flow reactor at 80°C [III, V].a 
 
 
[C2H4] 
 
[mol/L] 
H2 
feed 
[mmol] 
Mw 
 
[kg/mol] 
Mw/Mn Calcd 
η0 
[Pa×s] b 
η*(0.02 rad/s) 
at 190°C 
[Pa×s] 
G' at 
G"(10 kPa) 
[Pa] 
Ea 
 
[kJ/mol] 
         
1 0.24 0.0 70 2.0 900 2080 2,300 30 
1 0.24 1.3 59 1.9 500 980 1,800 n.m. 
1 0.08 0.0 98 2.4 3,200 94,000 9,600 42 
1 0.08 0.5 65 2.1 700 5930 5,400 38 
2 0.24 0.4 69 1.9 900 1200 1,200 27 
a 1 = rac-Et[Ind]2ZrCl2; 2 = rac-Et[H4Ind]2ZrCl2; cocatalyst MAO; solvent toluene. 
b The η0 was calculated using the equation η0 = 3.4×10-15 × Mw3.6 (Pa×s) from ref. [48]. 
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6.3 The effect of hydrogen 
 
The introduction of hydrogen suppressed LCB formation. Table 6.3 shows the effect of 
hydrogen on the melt rheological properties [III]. For the polymer obtained with 1 at CE 
= 0.08 M, the introduction of hydrogen decreased the Ea value from 42 to 38 kJ/mol, the 
G' value from 9,600 to 5,400 Pa, and diminished the discrepancy between the 
theoretical and measured viscosity. The polymer produced without hydrogen at CE = 
0.24 M had rheological properties resembling those of linear polymers. Therefore, it 
was not unexpected that the introduction of hydrogen did not much affect the 
rheological behavior, except that due to the decrease in the Mw. Polyethene catalyzed by 
2 had a very low G’ value (1,200 Pa). The low G' value is attributed to the absence of 
not only LCB, but also the high Mw tail that can have a marked influence on the melt 
elasticity. 
 
6.4 The effect of comonomer 
 
Comonomer may be used to suppress or enhance LCB formation [III, VI]. The use of 
1-olefins decreases the polymer vinyl bond concentration when chain transfer to the 
comonomer takes place resulting in vinylidene bond formation. The use of 
nonconjugated α,ω-dienes, in turn, increases the vinyl bond concentration and LCB 
formation probability. Moreover, in slurry polymerization, copolymer solubility 
increases with decreasing crystallinity and melting point, which also accounts for the 
LCB formation probability. LCB content has also been found to increase with a low 1-
olefin content [32, 41, 131], possibly due to the change in mass transfer properties. 
The introduction of 1-hexadecene had a similar influence as hydrogen on the 
rheological properties suppressing LCB. As seen in Table 6.4, the η*(0.02 rad/s) and G' 
values were lowered [III]. The Ea value remained almost unchanged. This is a result of 
a two different effects of the comonomer incorporation: an increase in the comonomer 
content increases Ea but simultaneously it appears to decrease the LCB content, which 
lowers the Ea. These opposite effects mask the influence of each other. The G' = 2,500 
Pa value of 1 catalyzed copolymer, 3.4 mol-% comonomer, suggests a very low LCB 
content. The Ea and G' values obtained for 3 catalyzed copolymers are considered to 
represent the properties of linear polymers in which only SCB influences the melt 
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behavior. The calculated η0 values are close to the measured values, and the Ea 
increases slightly as expected for a polymer with SCB. Different methods can be 
employed to separate the effect of SCB and LCB on the Ea [44,132]. 
The use of diene as a comonomer, however, has the opposite effect on the branching. 
This is seen in Table 6.5 [VI]. Rheological properties (η*, G’, and Ea) are drastically 
increased with an increasing diene based vinyl bond content, which eventually leads to 
the crosslinking. 
 
Table 6.4 The effect of comonomer (1-hexadecene) on the melt rheological properties of the 
polyethenes in a semibatch flow reactor at 80°C [III].a 
 
 
Comonomer 
Content 
[mol-%] 
Vinyls 
[C=C/ 
1000 C]
Mw 
 
[kg/mol] 
Mw/Mn Calcd 
η0 
[Pa×s] b 
η*(0.02 rad/s) 
at 190°C 
[Pa×s] 
G' at 
G"(10 kPa) 
[Pa] 
Ea 
TTS c 
[kJ/mol] 
         
1 0.0 0.4 98 2.4 3,200 94,000 9,600 42 
1 0.8 0.5 74 2.2 1,200 8,100 4,400 42 
1 3.4 0.4 64 2.0 700 1,680 2,500 41 
         
3 0.0 0.1 290 2.3 160,000 152,000 2,200 29 
3 0.3 0.1 183 2.0 30,000 28,900 1,200 27 
3 1.2 0.1 80 2.0 1,500 2,700 890 33.5 
a 1 = Et[Ind]2ZrCl2/MAO; 3 = (n-BuCp)2ZrCl2/MAO; [C2H4] = 0.08 M; solvent toluene 
b Theoretical η0 was calculated using equation η0 = 3.4×10-15 × Mw3.6 (Pa×s) from ref [48]. 
c TTS = time-temperature superposition. 
 
 
Table 6.5 The effect of comonomer (1,5-hexadiene) on the melt rheological properties of the 
polyethenes in a semibatch flow reactor at 80°C [VI].a 
1,5-HD 
Content 
[mol-%] 
Vinyls 
[C=C / 
1000 C] 
Mw 
 
[kg/mol] 
Mw/Mn Calcd 
η0 
[Pa×s]b 
η*(0.02 rad/s) 
at 190°C 
[Pa×s] 
G' at 
G"(10 kPa) 
[Pa] 
Ea 
G*(10 kPa) 
[kJ/mol] 
        
0.0 0.4 77 2.2 1,300 3,200 3,360 31 
1.2 0.9 83 2.2 1,700 70,400 8,470 45 
1.5 1.3 93 2.6 2,600 78,600 8,640  
1.8 1.5 98 2.6 3,200 155,000 9,840 55 
2.9 1.9 113 3.2 5,300 741,000 13,860  
3.8 2.2 188 4.7 33,000 n.d. n.d.  
a catalyst Et[Ind]2ZrCl2/MAO; [C2H4] = 0.08 M; solvent toluene. 
b Calculated using equation η0 = 3.4×10-15 × Mw3.6 (Pa×s) from ref [48]. 
n.d. = not determined due to the extremely slow relaxation. 
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To further test the importance of vinyl bond content and copolymerization ability in 
LCB formation, a polymerization series with two catalysts having very different 
comonomer response − with low inherent vinyl bond formation tendency and very facile 
hydrogen reactivity − was carried out [VI]. The polymerization results are summarized 
in Table 6.6. The ethene concentration was kept high to avoid inherent LCB formation.  
Copolymers produced with a poor copolymerization catalyst 3 were linear or 
contained only a very small amount of LCB. The homopolymer that contained very few 
vinyl bonds was concluded to be very linear based on its rheological properties. The 
copolymer with 1.5 C=C / 1000 C had slightly elevated η* vs. η0, G’, and Ea values. 
These values suggest the presence of a small amount of branching. The Mw/Mn was 
broadened to the value of 8.8 only when a copolymer was produced at low ethene 
concentration, which suggested that excessive branching took place only under very 
specific polymerization conditions.  
Very different polymer properties were observed with a good copolymerization 
catalyst 6. The copolymers had drastically modified rheological properties at very low 
comonomer content. Slightly higher comonomer feed resulted in the formation of a 
crosslinked polymer that was difficult to remove from the reactor due to gel formation. 
 
 
Table 6.6 Catalyst and vinyl bond content effect on the melt rheological properties of the 
polyethenes in a semibatch flow reactor at 80°C [VI].a 
 1,7-OD 
Content 
[mol-%] 
Vinyls 
[C=C / 
1000 C] 
Mw 
 
[kg/mol] 
Mw/Mn Calcd 
η0 
[Pa×s]b 
η*(0.02 rad/s) 
at 190°C 
[Pa×s] 
G' at 
G"(10 kPa) 
[Pa] 
Ea 
G*(10 kPa) 
[kJ/mol] 
         
3 0.00 <0.1 77 2.2 1,300 1,410 1,060 27 
3 0.15 0.7 63 1.8 640 740 1,000  
3 0.16 1.1 74 1.9 1,150 1,370 2,000  
3 0.27 1.5 65 1.9 720 2,270 2,240 33 
         
6 0.00 <0.1 146 2.4 13,300 39,400 3,870 28 
6 0.17 0.4 101 2.5 3,500 170,000 10,460 57 
6 0.23 0.5 68 2.3 850 11,300 6,200 43 
a 3 = (n-BuCp)2ZrCl2/MAO; 6 = Et[Ind]2HfCl2/MAO; [C2H4] = 0.40 M; comonomer 1,7-octadiene; 
solvent toluene. 
b Calculated using equation η0 = 3.4×10-15 × Mw3.6 (Pa×s) from ref [48]. 
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7 CORRELATION OF RHEOLOGICAL PROPERTIES WITH POLYMER 
STRUCTURE  
 
Three different basic methods are used for the detection of LCB; 13C NMR 
spectroscopy [9, 133], gel permeation chromatography [134, 135], and rheological 
measurements [49, 52]. Melt rheological measurements are the most sensitive methods 
for detecting very low concentrations of LCB. However, the analysis of LCB is 
achieved best with a combination of all three methods. 
The LCB density in single-center polyethenes is typically in the range of 0.01 – 0.2 
branch points per 1000 main chain carbons [39, 42, 46, VII, VIII]. In many cases, low 
LCB content is difficult to detect with 13C NMR spectroscopic or multi-detector GPC 
methods [46]. In addition, the 13C NMR technique is short-handed, as it cannot 
differentiate C6 branches from the longer ones. Nevertheless, 13C NMR spectroscopy 
has been considered to be the only method to prove the existence of LCB in polyethene.  
For the polymers with very low levels of LCB, the rheological methods appear to be 
most pragmatic [10, 38, 40, 43, 46]. However, the information from melt rheological 
measurements is indirect; the measured rheological properties result from the combined 
effects of the molecular weight and distribution as well as branch length, content, and 
distribution. Recently, a lot of research has been conducted in this field, both from the 
theoretical [47, 136] and experimental [37-46, 137, 138] point of view. 
The LCB in polyethene observed in rheological analysis was compared to the results 
obtained in microstructural analysis by 13C NMR spectroscopy and GPC [VII, VIII]. In 
addition, a comparison between the different analytical methods – GPC, 13C NMR, and 
FTIR spectroscopy – was performed. 
Figure 7.1 shows a comparison between the GPC based Mw and the measured η0 or 
η*(ω=0.01 s-1) values [VIII]. The η0 of linear polyethenes has been found to follow the 
correlation described in Fig. 7.1 (the solid line). The η0 of a linear reference polyethene 
sample (IUPAC 5A) followed this relationship. Due to LCB, the η0 or η*(ω=0.01 s-1) 
values of the six samples are up to 50-fold higher than compared to the expected values 
for linear polymers. A comparison with the LCB values obtained in 13C NMR 
measurements revealed that even the samples with barely detectable amounts of LCB 
have clearly elevated viscosity levels. 
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Figure 7.1 The molecular weight dependence of the η0 or η*(ω=0.01 s-1) of linear and long-chain 
branched polyethylenes. Samples 1 and 2 were prepared with rac-Et[Ind]2ZrCl2/MAO; 3 and 4 
with rac-Me2Si[Ind]2ZrCl2/MAO; and 5 and 6 with rac-Et[H4Ind]2ZrCl2/MAO.The filled symbols 
denote the η0 determined from creep experiments, the open symbols η* from dynamic analysis 
at an ω=0.01 s-1. A discrepancy from the solid line indicates the presence of branching [VIII].  
 
 
 
Figure 7.2 The contraction factor g(M) as a function of molecular weight of long-chain branched 
samples measured with a GPC-MALLS system. The lower g(M) value indicates a greater 
amount of branching [VIII]. The samples are the same as in Fig. 7.1. 
 
  
38 
Figure 7.2 shows a comparison of contraction factors, g, as a function of the 
molecular weight of selected homopolyethene samples. Branched molecules have a 
smaller radius of gyration than linear polymers, which results in g values less than one 
[VII]. The value of g correlated well with the 13C NMR based branching level. (see Fig. 
7.1) A decrease in the g value with the increasing Mw indicated an increased fraction of 
branched chains at the high Mw. The high Mw chains are more likely to contain two or 
more branches in a chain, which may account for the observed rheological properties. 
The characterization results for polyethenes prepared in a CSTR system are collected 
in Table 7.1 [VII]. Figure 7.3 shows the measured η0 vs. calculated η0 values. 
Regarding branch distribution, the CSTR system may offer better control than the 
semibatch slurry system over the polymer structure. The rheological properties and 13C 
NMR based LCB content correlated well, as η0, (G’ vs. G”) and Ea increased with the 
branch content. Due to the low Mw, these polymers overall had much lower G’ and Ea 
values than the polymers produced in slurry systems. Also, the increase in the viscosity 
level was less pronounced. (Fig. 7.3) The measured η0 was only up to 4-fold higher 
compared to the η0 of linear polyethenes of the same Mw. Based on the polymerization 
conditions employed, (Fig. 6.4) sample 1 is assumed to have a very linear structure 
whereas samples 6 and 8 are expected to contain more LCB than the other samples. The 
measured polymer properties are in line with this assumption [VII]. 
 
 
Table 7.1 Molecular structure and rheological properties of polyethenes produced with 
rac-Me2Si[Ind]2ZrCl2/MAO in a CSTR reactor at 140°C [VII]. a 
       
Sample Mw 
(kg/mol) 
Mn 
(kg/mol) 
LCB / 
1000 C 
G’(G”ref) 
[Pa] 
Ea,0 
[kJ/mol] 
Ea,G*ref 
[kJ/mol] 
       
1 55 25 0.00 1,210 29.4 29.1 
2 53 21 0.01 1,820 30.8 29.7 
3 52 24 0.02 2,270 33.0 29.5 
4 53 24 0.00 1,940 31.2 29.7 
5 44 19 0.07 3,000 38.7 35.5 
6 36 16 0.18 3,170 43.6 42.0 
7 37 16 0.10 3,100 36.2 35.6 
8 49 19 0.14 4,810 49.5 47.0 
9 58 26 0.02 2,450 33.1 30.1 
a G”ref = 10 kPa. Ea,0 was calculated from the η0 and Ea,1 from the η*(G*=10 kPa) values. 
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Figure 7.3 Correlation between the Mw and zero-shear viscosity (η0) of polyethenes prepared in 
a CSTR. The straight line represents the η0 − Mw relationship of linear polyethenes using the 
equation η0 = 6.8×10-15×Mw3.6 [44]. See Table 7.1 for the characterization details of samples 1-9. 
 
 
Figures 7.1 and 7.3 can qualitatively indicate whether a polymer is branched or 
linear. In order to find a quantitative correlation between the rheological properties, Mw, 
and LCB content, an experimental relationship between the branch length, content and 
molecular weight was used [44]. Equation 7.1 describes this relationship, in which the 
flow activation energy of the branched polymer (Ea,B) is composed of the flow 
activation energy of a linear polymer (Ea,L) and the activation energy increase due to 
branched chains (Λ×φMA/ME).  
 
E
A
LaBa M
M
EE φ×Λ+= ,,        (7.1) 
 
MA is the molecular weight of the arm, which is assumed to be equal to Mw. ME is the 
entanglement molecular weight of polyethene (1250 g/mol). Λ is the activation 
coefficient and φ is the volume fraction of branched polymer as described in Equation 
7.2. The molecular weight of the repeat unit ( −CH2−) is 14 g/mol. 
 
trepeat uni
w M
 CLCB /  M ××= 1000
1000φ       (7.2) 
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Figure 7.4 The influence of long-chain branch content and arm length on the flow activation 
energy Ea. The coefficients for Eq. 7.2 are obtained from the slope; Λ = 1.01 kJ/mol; and the 
intersection; (Ea)L = 29.9 kJ/mol [VII]. 
 
 
Figure 7.4 shows the correlation between the experimentally determined Ea,0, Mw, 
and LCB content. The correlation coefficient R2 showed a very good agreement. The 
value of Λ was essentially the same as reported for a series of hydrogenated 
polybutadienes and ethene−1-octene copolymers, but there was a contradiction between 
the Λ values obtained for a series of homopolyethenes produced with CGC [44]. It has 
been suggested that the difference is due to differences in the branch structure [46, 139]. 
The Ea,L value was 10% higher than the reported values. 
This method appears to be very useful in comparing the rheological properties and 
molecular structure of polyethene. Equation 7.2 may prove very useful in determining 
polymer structure from the rheological analysis. However, the successful utilization is 
challenging, as the equation is very sensitive to the accuracy of the measured LCB 
content. The accuracy of 13C NMR based measurement of LCB content is limited, 
which may lead to dramatic errors for the high Mw polyethenes. Another problem in 
high Mw polyethenes arises from the difficulty in obtaining the η0 values for the 
subsequent determination of Ea,0. 
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7.1  Correlation between the analytical methods. 
 
In order to generally test the accuracy and reliability of the results, a comparison of 
different analysis methods was carried out. Figure 7.5 shows the vinyl bond content 
(C=C / 1000 C) of polyethenes determined with FTIR and 13C NMR spectrometers and 
polymerization degrees (Xn) measured with GPC and the 13C NMR spectrometer. 
In vinyl bond analysis with FTIR spectrometer, the C=C / 1000 C content was 
calculated from Equation 7.3. The value of the molar coefficient factor (ε) was 1.087, 
(A) was the height of the 908 cm-1 absorption peak, and (b) the thickness of the sample 
(mm). The 13C NMR result was based on the area of allyl peak at 33.9 ppm divided by 
the areas of other peaks in the aliphatic region. 
 
C=C / 1000 C = 
b
A
×ε         (7.3) 
 
The Xn from the refractometer equipped GPC results was based on the Mn values and 
the Xn from 13C NMR measurements was obtained by comparing the sums of areas of 
α-carbon peaks of vinyls (33.9 ppm) and saturated end-group peaks (32.2, 22.9, and 
14.1 ppm) to the total areas of peaks in the aliphatic region. 13C NMR results were 
corrected for branching. R2 values indicate very good correlation between the analytical 
methods. 
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Figure 7.5 Comparison of FTIR and 13C NMR based vinyl contents (C=C / 1000 C) and GPC 
and 13C NMR based number average polymerization degrees (Xn) [VII, VIII]. 
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8 SUMMARY 
 
In this thesis the polymerization behavior of known (1-6) and novel siloxy-substituted 
(7-10) metallocene catalysts activated with methylaluminoxane was studied. Features of 
the polymer structure like molecular weight, end-group types, comonomer, and long-
chain branch content are strongly dependent on catalyst and polymerization conditions 
employed. 
Long-chain branching in polyethene could be detected with a 13C NMR 
spectrometer, light-scattering detector GPC, and melt rheological measurements. The 
metallocene catalyzed polyethenes contained up to 0.2 LCB / 1000 C [I, IV, VII, VIII]. 
Long-chain branched polymers exhibited modified rheological properties − increased 
complex viscosity (η*) at low shear rate, enhanced melt elasticity (G’ vs. G”), and 
elevated flow activation energy (Ea) − when compared to linear polyethenes [I, III-
VIII]. The sensitivity of melt rheological measurements was superior to other 
characterization methods in detecting small amounts of long-chain branching. The 
rheological properties measured correlated well with the 13C NMR based polymer 
structure [VII, VIII]. 
Of all catalysts studied, bis(indenyl) ansa-metallocenes are the best candidates for 
the production of LCB polyethene [II-V]. The results obtained support the view that 
long-chain branching in metallocene catalyzed ethene polymerization takes place via a 
copolymerization reaction: A vinyl terminated polyethene chain is incorporated into a 
growing chain. The vinyl end-group selectivity and copolymerization ability of 
metallocene/MAO catalyst system is strongly dependent on the metallocene ligand 
structure. Some catalysts were found to have an almost 100% selectivity towards vinyl 
terminations and relatively good copolymerization abilities.  
Besides the catalyst choice [III-V], the polymerization conditions have a dramatic 
effect on the long-chain branch content in polyethenes [II-VI]. The amount of 
branching is increased by decreasing the ethene concentration [III, V, VII], or 
increasing the amount of unsaturations in the polymer chain via diene addition [VI]. 
The introduction of hydrogen, in turn, decreases branching [III]. These parameters may 
fully or partially compensate differences given by catalyst structures. Moreover, 
polymerization process conditions may have a significant role in the long-chain branch 
formation process via mass-transfer effects. 
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